We report the evolution of spontaneous parametric four-wave mixing (SP-FWM) as a small peak in the dip of Autler-Townes splitting in the medium of coherent non linear crystal of Pr 3+ :Y 2 SiO 5 . We demonstrate the results of a composite signal with evolution from pure fluorescence to a hybrid state of light to pure SP-FWM. By investigating the composite signal in frequency/time domains and studying hybrid correlations (positive/negative or anti-correlation) among three channels, i.e. Stokes (anti-Stokes) with composite signal, we demonstrate the evolution of SP-FWM processes from fluorescence. Such correlations can have potential applications in all-optical communication and quantum teleportation.
Introduction
In recent decades, scientists have created various applicationoriented photon states such as the coherent state [1] and the single photon state. In quantum optics, the coherent state is considered the most classical of all pure states [1] . In many cases, these states are treated as semi-classical for typically being robust against decoherence [2] . Recently, hybrid-cascaded generation of tripartite telecom photons using an atomic ensemble [3] , hybrid entanglement of light by an additional intense coherent state of light [4] and quantum-to-classical transition of light were demonstrated to address the key question of how nonclassical biphoton correlation can evolve into classical coherence [5] . The hybrid entangled state, which is an entanglement between classical and non-classical photons, is identified as a useful resource for long-distance communications [6] and optical quantum information processing [5] , since the hybrid state acts as a new type of qubit [4] . Such an approach seeks considerable attention due to its incorporation of the advantages of both classical and non-classical photon states, especially for near-deterministic quantum teleportation using linear optics and hybrid qubits [7] and for information transfer between different types of qubits [8] . Moreover, the competition between SP-FWM and fluorescence (FL) processes are also demonstrated theoretically and experimentally [9] .
Conventionally, entangled photon pairs are produced from spontaneous parametric down-conversion (SPDC) in a nonlinear crystal accompanied by FL [10] . Entangled photon pairs from SP-FWM in an atomic ensemble have also been generated [11] . Compared with SPDC, the correlated bi-photons produced from SP-FWM have a long coherence time (0.1-1.0 s) and a narrow spectral width (~MHz) [12, 13] . Thus the generation of a hybrid entangled state is crucial under the interplays of high-order nonlinear optical processes, which can be important for correlated FWM photon-pair generations as these nonlinear optical processes can compete and exchange their energies [14] .
In this letter, we demonstrate how Stokes of SP-FWM evolves in the suppression dip of Autler-Townes (AT) splitting of FL signal transmitted through coherent nonlinear Laser Physics 
Evolution of intensity noise and hybrid correlation

Experimental setup and basic theory
The sample (a 3 mm Pr:YSO crystal) is held at 77 K in a cryostat (CFM-102). Three tunable dye lasers (narrow scan with a 0.04 cm −1 line width), pumped by an injection locked singlemode Nd:YAG laser (Continuum Powerlite DLS 9010, 10 Hz repetition rate, 5 ns pulse width), are used to create the generating field E 1 (ω 1 , Δ 1 ) and dressing field E 2 (ω 2 , Δ 2 ) having powers P 1 and P 2 , respectively, with frequency detuning as Δ i = ω mn − ω i (i = 1 and 2), where ω mn is the atomic transition frequency and ω i is the laser frequency. Figure 1(a) shows a V-type three-level subsystem, in which the SP-FWM process satisfies the phasematching condition k 1 + k 2 = k S + k AS , where k S and k AS are the wave-vectors. Figure 1(b) shows the experimental arrangement. Due to common E 1 (generating field), there exists a relationship of evolution between FL and Stokes.
To study the evolution of noise and hybrid correlations among three channels, i.e. Stokes (anti-Stokes) with composite signals through Pr 3+ :YSO, the dependence of the intensities on time and frequency are registered by digital oscilloscope and photomultiplier tubes. The temporal waveform correlations between Stokes, anti-Stokes and composite signals are investigated using equations (5) (E S ). By taking the dressing effects of E 1 and E 2 into account, the density matrix elements for Stokes and anti-Stokes can be written as (1) (2) where
is the Rabi frequency of the field E i , and Γ ij is the decay rate between the energy levels i and j . The measured photon number at each output channel can be obtained by 
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. We can also calculate the density matrix elements for the composite channel (FL + Stokes signal). First, at low power, there is only pure FL signal in composite channel. 6 The intensity of such an FL signal is proportional to the square of the diagonal elements of the density matrix. In this system, by opening E 1 only via the path way
, the diagonal element ( ) ρ 11 2 corresponding to the FL is given by 
2 . The FL intensity can be defined as ( )
2 . Secondly, at medium power FL is evolved as a mixture of FL and Stokes of SP-FWM 6 . The intensity of the composite signal ( ) I t C can be calculated according to equations (1) and (3) as
The intensity noise correlation function ( )
between Stokes and anti-Stokes can be calculated by [15] considering the nonlinear phase as Furthermore, we can calculate the hybrid correlation function between Stokes (anti-Stokes) and the composite signal as 
Here f(t) can be viewed as the population fluctuation with a real value. Therefore, we can write the equation as
Such an initial correlation sign (-) is determined by the competition of FL and Stokes signals and can be controlled by the dressing nonlinear phase which is induced by the dressing field, so we can write the above equation as and fixed Δ 2 = 0 versus the power of generating field E 1 (1-8 mW), respectively, keeping the power dressing E 2 field unchanged. As we increase power P 1 , the intensity of SP-FWM increases linearly due to the gain effect of generating field E 1 as predicted by equation (1). To make the analysis simpler, we have divided the power P 1 into three parts: low (1,2 mW), medium (4-6 mW) and high (7,8 mW) according to signal evolution from pure FL to mixed state of FL and SP-FWM and then to Stokes of SP-FWM (E s′ ), respectively. In figure 2 (b), at low power of E 1 , the composite channel contains pure FL whose intensity may be described as ( ) ( )
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2 as shown in the first two curves of figure 2(b). As we increase the power of E 1 in medium range, the composite signal intensity may be described as ( ) (
. Here the FL signal evolves from two peak AT splitting (P 1 = 3-4 mw) to broad dressing suppression dip (figure 2(b) with a small SP-FWM peak (at P 1 = 5-6 mw) caused by the self-dressing (3)). Simultaneously, the small peak of SP-FWM evolves as impure SP-FWM in a composite channel demonstrating competition between FL and SP-FMW as shown in the fifth and sixth curve of figure 2(b) with the zooming window in figure 2(d) . At high power of E 1, the suppression broad dip tends to be invariant and approach the background as shown in figure 2(b) as FL is suppressed to a minimum and gets spectrally overlapped with SP-FWM at Δ 1 = Δ 2 = 0 by the self-dressing effect of E 1 . The emission peak of SP-FWM evolves out of a suppression dip as pure Stokes of SP-FWM shows in the last two curves of figure 2(b) whose intensity may be described as ( ) ( )
. Finally the FL vanishes completely.
The evolution of SP-FWM into the FL channel is caused by enhancing the power of generating fields, thus conserving the energy of the system like the nonlinear optical process, which can compete and exchange their energies [14] . This phenomenon is further demonstrated by the subsequent study of composite channel intensity in the time domain. Figure 2 (c) shows the intensity of composite channels but in the time domain. The intensity of the composite signal is obtained by scanning Δ 1 from −200 to 200 GHz and keeping Δ 2 = 0. When E 1 frequency is fixed at a resonant point (Δ 1 = 0), the composite signal in the time domain is obtained which is shown in figure 2(c) . Here the left peak is SP-FWM and the right peak is FL. At low power, the first curve shows high intensity of FL with no SP-FWM at zero delay due to the weak power of E 1 . When power is increased to medium level, we can witness that there exists competition-like behaviour between FL and SP-FWM in the second and third curve of figure 2(c). FL intensity decreases and SP-FWM intensity increases. The intensity of FL decreases including a delay due to the self dressing effect of E 1 which splits the energy level 0 into ± . As we further increase power of E 1 , the energy gap (corresponding to two peaks of AT splitting in the fifth and sixth curve of figure 2(b)) further increases, causing an increase in time delay. But if we increase E 1 to high power, FL intensity decreases to near zero due to a lower life time of FL at high power caused by the dipole-dipole interaction of states H-H and D-D, respectively. At the same time, the intensity of Stokes of SP-FWM increases to high as shown in last curve of figure 2(c) due to a high decoherence rate of SP-FWM at high power. Since AT-like splitting of FWM is achieved through induced atomic coherence which results from quantum interference [16] , here the FL signal evolves from AT-like splitting to pure suppression with an increase in power. So one can say that at low power of E 1 , the composite signal in the time domain is pure FL, at medium power the composite signal is a mixture of FL and SP-FWM and at higher level it becomes pure Stokes of SP-FWM.
In figure 3 , we investigate the evolution of the correlation based on power dependence as described in figure 2. For this, the time-dependent intensity fluctuation traces of SP-FWM evolution at low (2 mW), medium (4 mW) and high power (7 and 8 mW) are recoded as
I t S S averaged by a fast gated integrator over ten pulses, respectively, in the composite channel. Besides, ( ( ) δI t S S and ( ( )) δI t AS AS are also recorded in the same manner at respective channels. By using equation (5) and keeping ϕ ∆ = 0 as The correlation increases with the power P 1 up to 8 mW due to the gain effect of generating field E 1 . Similarly using equation (6), we can calculate ( )
Stokes (anti-Stokes) and composite signal as shown in figures 3(b1)-(b4) , respectively, with the same conditions defined in figure 3(a) . It is noticed that at low power of E 1 , correlation ( )
has a negative value due to the small population fluctuation of ( ) → f t 0 2 as predicted by equation (7) 
. As P 1 is further increased to medium power, the intensity of the output Stokes channel increases due to the gain effect of E 1 . At the mean time, the pure FL intensity in the composite channel decreases as FL changes to AT-splitting dip with the small peak of SP-FWM increasing gradually. At medium power of E 1 , one can treat this composite channel as a mixture of impure FL and impure Stokes of SP-FWM (E s′ ) signal. Hence the hybrid correlation function is calculated at medium power by modifying equation (6) as
as shown in figure 3(b2) having peak values of 0.5 at τ = 0. At high power, SP-FWM appears as pure Stokes of SP-FWM (E s′ ) in suppressed AT-splitting dip of FL in the composite channel as emission peak as discussed in detail in figure 2 . To verify this, we have correlated pure Stokes of SP-FWM (E s′ ) from the composite channel with Stokes by modifying equation (6) in figure 3(b4) . Therefore, one can say that by increasing the power of generating field E 1 , the pure FL in the composite channel at low power is evolved to impure SP-FWM at medium power to pure Stokes of SP-FWM (E s′ ) at high power. Similar analysis can be applied to the correlation between anti-Stokes and the composite channel; their results are shown in figures 3(c1)-(c4). Besides, figure 3(d1) shows simulation results of a correlation between Stokes and anti-Stokes using equation (5) . Figures 3(d2) (or (d3) ) show a theoretical correlation of FL and Stokes (or anti-Stokes), respectively, using equation (7) at low power.
In figure 3 , we investigated the source parameter of evolution, where an initial sign of correlation is based on the incoherent nature of FL and SP-FWM. In figure 4 , we further investigate and define the control mechanism for correlation using dressing nonlinear phase via induced by dressing field E 2 (P 2 = 6, 8 and 10 mW) with E 1 set to high power. As we discussed and demonstrated, at P 1 = 8 mW pure SP-FWM evolves in the composite channel as Stokes (E s′ ). In this case, we investigate and find a correlation among Stokes, anti-Stokes and composite (Stokes of SP-FWM (E s′ )) using their time-dependent intensity fluctuation traces averaged by a fast-gated integrator over ten pulses, and then using the averaged data, the intensity-noise correlation curve using equation (5) In figure 4 (a1), when P 2 is set to 6 mW, the correlation peak at delay time τ = 0 has positive amplitude with ϕ ∆ = 0. If we set the power of E 2 at P 2 = 8 mW, as shown in figure 4(a2) , we find the amplitude of the correlation peak is switched from positive to negative, therefore, the intensity fluctuations are changed from correlated to anti-correlated, caused by ϕ π ∆ = . At P 2 = 10 mW, the correlation peak is adjusted back to correlated with a positive amplitude caused by ϕ π ∆ = 2 as shown in figure 2(a3) . These results may be explained by the nonlinear refractive index of the Kerr medium. Since the dressing state (created by E 2 ) can change the nonlinear refractive index of the Kerr medium , Kerr nonlinearity is directly proportional to the square of the electric field (E 2 ) and can lead to cross phase modulation (XPM).
At high power, the composite signal must be Stokes of
Conclusion
In conclusion, we demonstrated the evolution of SP-FWM from pure FL to a mixed/hybrid state (FL + SP-FWM) and then to pure SP-FWM as Stokes by changing the power of generating field E 1 in the SP-FWM process. We proved this evolution by investigating the time and frequency analysis of the composite channel at low, medium and high power of E 1 . Further, we also showed this evolution phenomenon how Stokes of SP-FWM evolves in the suppression dip of the splitting of FL signal resulting in hybrid state. Besides, we studied the intrinsic control mechanism correlation function based on population fluctuation via source field and and extrinsic control mechanism of correlation function based on XPM through dressing nonlinear phase via dressing field, which can change the correlation function to anti-correlation. The results of a mixed state of light and hybrid correlation can be of special interest for fundamental studies of quantum communication, long-distance communications and optical quantum information processing.
